Beam stability and halo formation in high-intensity axisymmetric 2D beams in a uniform focusing channel are analyzed using particle-in-cell simulations. The tune depression -mismatch space is explored for the uniform (KV) distribution of the particle transverse-phase-space density, as well as for more realistic ones (in particular, the waterbag distribution), to determine the stability limits and halo parameters. The numerical results show an agreement with predictions of the analytical model for halo formation [ 11.
INTRODUCTION
There is an increasing interest in high-current applications of ion linacs, such as the transformation of radioactive waste, the production of tritium, and fusion drivers. High currents of the order of 100 mA restrict beam losses below l ppm. Thorough studies are necessary to understand mechanisms of intense-beam losses, in particular, beam instabilities and halo formation.
Most of the theoretical efforts so far have concentrated on the Kapchinsky-Vladimirsky (KV) distribution of parti"-cles in transverse phase space [2] . The KV beam density is uniform so that space-charge forces inside the beam are linear. It allows an analytical investigation and results are used to predict the behavior of real beams. On the other hand, it is recognized that the KV model, in which all particles have the same transverse energy, is not a realistic beam distribution, e.g. [3] . The present paper compares the KV beam with other, nonlinear particle-density distributions, which can serve as better models for real beams.
ANALYTICAL CONSIDERATION
We study a continuous axisymmetric ion beam in a uniform focusing channel, with longitudinal velocity U, = Pc. The
Hamiltonian of the transverse motion (wl << v,) is 
where f(x, y, x', y') = f ( r , s ) is the distribution function in the transverse non-relativistic 4-D phase space. The integral on the RHS is the particle density d(r).
Since the Hamiltonian (1) is an integral of motion, any distribution function of the form f ( r , s) = f ( H ( r , s ) ) is a stationary distribution. We consider a specific set of stationary distributions for which the beam has a sharp edge (for all ions r 5 T~~~ = a), namely,
The normalization constants Nn are chosen to satisfy (4) are easy to find for n = 0 (KV) and n = 1 (WB) [4] . For n 2 2 a numerical solution is required.
To compare different transverse distributions on a common basis, we consider rms-equivalent beams which haye the same perveance K , rms radius, and rms emittance E. 
NUMERICAL SIMULATIONS
We use particle-in-cell simulations to study beam stability and halo formation in the presence of instabilities. A leapfrog integration is applied to trace the time evolution for prising feature of the diagram is the lack of any significant dependence on q for mismatched beams; on the contrary, the qualitative changes depend primarily on p. When p changes from 0.6 to 0.8, the ratio zftn/ztnt decreases from 1.7-2 to 1.03-1.07 for the KV beam, and from 1.4-1.5 to 1.00-1.01 for the WB and n = 2. The number of breathing periods after which the beam radius starts to grow noticeably and the halo forms, has some dependence on r]; it is smaller for small q.
We performed a systematic study of the KV, WB, and n = 2 distributions for tunes q from 0.1 to 0.9 and mismatches p from 0.6 to 1.0. Figure 4 shows the ratios of the halo radius to that of the matched beam for the KV and WB beams with three different mismatches, p = 0.6, 0.7, and 0.8. Results for n = 2 beam are not shown; they are slightly lower than those for the WB beam. The KV halo has a larger radius, especially with small space charge (large q), but for space-charge dominated beams, at very small q, the ratios converge for all distributions. The analytical model for the KV halo formation [ l] predicts finite values of rmam/a between 2 and 2.5 depending on r] and p. One can see from simulations that it works well also for WB and n = 2 beams. Simulation results for halo intensity h are shown in Fig. 5 for KV and WB distributions. Again, results for n = 2 are just slightly lower than for the WB beam, and not shown. The intensity depends essentially on the mismatch, and decreases quickly as the mismatch decreases. The WB halo is about 2-3 times less intense than the KV halo for small space charge and large mismatch (0.6 and 0.7) but, for space-charge dominated beams, the intensities are about the same. For p = 0.8, however, the WE3 halo is at least an order of magnitude less intense than the KV one; it is not even included in Fig. 5 . An apparent decrease of h as q decreases is due to the definition used: the halo boundary radius rb = 1.75a increases as l/d. If a fixed boundary is used instead, the same for all tunes, the halo intensity would be larger for larger space charge.
One more interesting feature is how fast the halo develops. For the KV beam, the process is usually rather fast, where KV results are also for N=5000). These 5000 breathing oscillations correspond to 5-10 km of the length for a typical machine, much longer than existing proton linacs.
CONCLUSIONS
Our simulations show the qualitative similarity of the beam behavior for all transverse distributions studied. The KV beam can be considered as an extreme case compared to the WB and n = 2 distributions which are closer to real beams. The halo intensity is a few times higher and saturates faster for the KV distribution than for the other two. An interesting new observation is that for axisymmetric beams under consideration the beam stability and halo formation depend primarily on the mismatch, not on the tune shift. The halo was clearly observed only for large mismatches, at least 20%, and its radius is in agreement with the analytical model [ 11 for halo formation.
